Mutations which affect the activity of polynucleotide phosphorylase (PNPase) map near 69 min on the bacterial chromosome. This region of the chromosome has been cloned by inserting the kanamycin-resistant transposon Tn5 near the argG and mtr loci at 68.5 min. Large SalI fragments of chromosomal DNA containing the Tn5 element were inserted into pBR322, and selection was made for kanamycin-resistant recombinant plasmids. Two of these plasmids were found to produce high levels of PNPase activity in both wild-type and host strains lacking PNPase activity. The pnp gene was further localized and subcloned on a 4.8 kilobase HindIII-EcoRI fragment. This fragment was shown to encode an 84,000-molecular weight protein which comigrated with purified PNPase during sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The orientation of the pnp gene was determined by insertion of TnS into the 4.8 kilobase fragment cloned in pBR322. Some of the insertions had lost the ability to elevate the level of PNPase activity in the host bacterium. Restriction mapping of the positions of the Tn5 insertions and analysis of plasmid-encoded polypeptides in UV-irradiated maxicells indicated that the pnp gene is oriented in the counterclockwise direction on the bacterial chromosome.
Polynucleotide phosphorylase (PNPase) has been found in large amounts in every bacterial species examined and in lesser amounts in a variety of plant and animal tissues, including spinach leaves, yeasts, chloroplasts of beans and cabbages, rat brain and liver, human sperm, and HeLa cell nuclei (8) . The enzyme catalyzes three reactions in vitro: polymerization of nucleoside diphosphates, an exchange reaction with 32Pi and the a-phosphate of nucleoside diphosphates, and phosphorolysis of poly-or oligonucleotides in the presence of phosphate to yield nucleoside diphosphates. Ribonucleosides are preferred substrates although deoxyribonucleosides can be used as a substitute. These in vitro reactions have made PNPase a useful tool for synthesizing polymers or oligonucleotides of varied or defined sequence (27) and for probing the structure of tRNA (9) . Despite many studies of its mechanism of action in vitro (8) , the in vivo role of PNPase remains uncertain.
Several studies have implicated diphosphates as breakdown products of mRNA and rRNA; this suggests that PNPase may be involved in the degradation of these RNAs (7, 20, 25) . In an early study, three PNPase mutants of Escherichia coli were isolated with each mutation mapping to the same gene, pnp. Although activity in these mutants was less than 10% that of wild type under normal assay conditions, no unusual phenotypic characteristics were observed (22) . Subsequent work with these mutants, however, has resulted in several additional observations. The decrease in PNPase activity is growth limiting at 45°C and is correlated with an inability to induce the synthesis of the enzyme tryptophanase (16) . PNPase activity is also required for the degradation of stable RNA during carbon starvation (14) and of lactose operon mRNA in cells heattreated at 47°C (10 (18) . Toluene (10 ,ul) (1) . Restriction enzyme sites are designated by the following symbols: S, SaII; B, BglII; H, HindIII; E, EcoRI. The TnS sequence coding for kanamycin resistance on pS17 and pS14 is shown by the heavy black lines. Arrows marking the pBR322 sequence in pS14 and pS17 indicate the reversal in orientation of the vector with respect to the cloned DNA. The deletion in pS14 is shown by the blank box. It is uncertain whether the HindIIl site abutting the deletion is from pBR322 or from the cloned fragment. The site of the TnS insertion in the parent strain SC101 was mapped at about 68.0 min.
Large-scale preparation of plasmid DNA. Strains were grown as described for the small-scale preparation, but in a volume of 500 ml. Lysozyme-SDS lysates were cleared at 16,000 rpm for 1 h in an SS34 rotor. The density was adjusted to 1.58 with CsCl, and the lysate was centrifuged in a 50 Ti rotor at 36,000 rpm for 72 h. Plasmid bands were removed, extracted with isopropanol to remove the ethidium bromide, and dialyzed against TE buffer. Ethanol-precipitated DNA was resuspended to a concentration of 1 mg/ml. CSR603 Protein labelng. Maxicell experiments were performed as described previously (24) . After labeling, cells were harvested, suspended in 0.25 ml of lysis buffer, and heated for 5 min at 90°C before 25 to 100 ,ul was loaded onto electrophoresis gels.
Protein electrophoresis. Running conditions for SDSpolyacrylamide gels (3% stacking and 12.5% separating) were as described previously (17) . Samples were run into the gel at 20 mA, run at 40 mA for 6 to 10 h, stained overnight in 50o TCA-0.1% Coomassie blue, and destained for several hours in 5% methanol-7% acetic acid. Kodak XRP1 film was placed on the dried gels and exposed. A partially purified preparation of PNPase from E. coli was generously provided by S. Gillam. Molecular weight standards obtained from Pharmacia Inc., Piscataway, N.J. were: phosphorylase b, 94,000; albumin, 58,000; ovalbumin, 43,000; carbonic anhydrase, 30,000 trypsin inhibitor, 20,000; ,B-lactalbumin, 14 ,400.
RESULTS
Cloning the gene. Cloning a gene is facilitated by initial selection, which can be effected by using a neighboring marker. One such marker near the pnp locus is argG (Fig. 1) . However, attempts to clone argG have not been successful (6, 15) . Our strategy was to obtain strains with transposon TnS, which codes for kanamycin resistance (2) and is inserted near the pnp locus, by scoring for cotransduction with argG and mtr. Clones obtained from these strains and selected for kanamycin resistance might then carry pnp. The transposon was introduced into strain MC1000 by infection with X rex::TnS and selection for kanamycin resistance at 37°C. A mixed population of MC1000 Kanr bacteria was used for P1 transduction of strain P9OA5C (argG), with simultaneous selection for Arg+ Kanr. Forty of these transductants were purified and assayed for PNPase activity. All had retained activity, suggesting that TnS was not disrupting PNPase expression. Lysates of strains with PNPase activity levels similar to those of MC1000 were made and used to transduce either strain P9OA5C to arginine independence or strain KY4117 (mtr) to kanamycin resistance. The transductants were subsequently scored for kanamycin resistance and methyltryptophan sensitivity, respectively. From the transduction data obtained, it was evident that the TnS insertions in strains SC101 and SC102 were able to be cotransduced with pnp by bacteriophage P1 (Table 2) .
To clone from these strains, partial digests were carried out by using either EcoRI, BamHI, Sail, or HindIII to give fragments of ca. 20 to 30 kilobases (kb). Fragments from these partial digests were ligated into the corresponding site of pBR322 (4) and transformed into MC1000, with selection for either kanamycin and ampicillin resistance or kanamycin and tetracycline resistance. Plasmid DNA was extracted from these MC1000 transformants and was used to transform PNPase-deficient strain N1102. Transformants of N1102 were subsequently as- (Fig. 1) . The restriction enzyme analysis indicated that both clones initially contained the 24.1-kb Sall fragment inserted in opposite orientations into pBR322. Subsequently, the pS14 clone underwent a deletion event which removed approximately 8 kb of DNA, including one of the Sall sites at the end of the inserted fragment and one of the HindIlI sites either from the pBR322 vector or from the inserted fragment.
Subdloning from pS14. Published reports state that the monomer size of PNPase is 84,000 daltons (26) ; this would require approximately 2.3 kb of coding DNA. Fragments of 6.4 and 4.8 kb produced by HindIII-EcoRI digestion of pS14 were ligated between the HindIII-EcoRI sites of pBR322. Transformants of MC1000 which were ampicillin resistant and tetracycline sensitive were assayed for PNPase activity (Table 3) . Activity was detected in all subclones containing the 4.8-kb HindIII-EcoRI fragment from pS14, but no activity was detected in subclones containing the 6.4-kb fragment. Subclone pHEl was selected for further study.
Locating the pnp gene on pHE1. To locate the pnp gene on the subcloned fragment and to determine its orientation, TnS insertions into the plasmid were obtained. A total of 85 separate transpositions on pHEl were analyzed for PNPase activity in strain MC1000; 7 of these were PNPase deficient, indicating that the plasmid gene was inactivated by the insertional event (Table 4 ). Restriction enzyme mapping was carried out by using HindIII and HindIIIEcoRI digestions (Fig. 2) . Digestion with HindIII resulted in three fragments, including a 3.2-kb fragment from the central regions of TnS; this fragment was common to all insertions. Estimation of the size of the other Hindlll or HindIIIEcoRI fragments allows for the positioning of the Tn5 within the cloned fragment (Fig. 3) . Within the limitations of resolution, several of the inserts appeared to map at or near the same site. These may reflect the same rather than between these boundaries destroy PNPase activity.
Direction of transcription-translation. To determine the polarity of transcription-translation, polypeptide products of various TnS insertions were examined with maxicell strain CSR603 (24) . Maxicells were transformed with plasmids pBR322 and pHE1, and several TnS derivatives of pHEL. Transformants were purified and assayed for PNPase activity ( (4, 5) pHEI; (6, 7) pSC20; (8, 9) pSC33; (10, 11) pSC75; (12, 13) pSC52; (14, 15) pSC35; (16, 17) pSC55; (18, 19) pSC37; (20, 21) pSC62; (22) mid DNA was extracted, and restriction analysis was performed to ensure that no alterations had occurred. After UV irradiation, the only proteins which continue to be made in significant amounts are encoded by the plasmid. In addition to the ampicillin peptides of pBR322, plasmid pHEl produced a peptide of molecular weight 84,000 which comigrated with a purified preparation of PNPase from E. coli on SDS gels.
The TnS insertions into pHEl which had lost PNPase activity had also lost the 84,000-molecular weight peptide. In some of the strains, loss of the PNPase band was accompanied by the appearance of a smaller band which represents a fusion product of the abortive PNPase polypeptide and zero to six amino acids specified by the end of TnS (23), whereas in other strains, no additional band was evident. Although pSC33 had PNPase activity (Table 4) , the 84,000-molecular weight protein was replaced by a protein of an approximate molecular weight of 70,000, indicating that the insertion in pSC33 has indeed disrupted the gene. The insertion on pSC75 had a somewhat smaller peptide of molecular weight about 64,000 and was present in very small amounts. This fusion peptide had lost PNPase activity. Another PNPase-deficient plasmid, pSC35, produced a truncated peptide of molecular weight 34,000 (Fig. 4) . These data indicate that the 5' end of the gene is at the HindlIl end of the cloned DNA and that transcription on the E. coli chromosome is anticlockwise. The molecular weight of these partial peptides position the 5' end of the coding portion very close to the site of insertion in pSC55 and the 3' limit very close to pSC20. As Tn5-37 does not disrupt PNPase activity as expressed from the plasmid, it is reasonable to assume that the transcriptional control regions of the gene lie in the 0.35 kb between the insertions in pSC55 and pSC37. DISCUSSION It would appear that we have cloned the gene for PNPase from E. coli on a large Sail fragment. That this is indeed the case is supported by the increase in the PNPase polymerization activity in extracts of cells carrying the recombinant plasmids and by the appearance of an 84,000-molecular weight plasmid-specified protein which comigrates with a purified preparation of PNPase from E. coli. Loss of the activity in polar Tn5 insertions mutants is accompanied by loss of the 84,000-molecular weight protein.
The 10-fold increase in PNPase activity in strains bearing the cloned gene appears to have no adverse effects; this observation is not surprising in view of the large amounts of PNPase present in wild-type bacteria (8) .
There has been some controversy as to the subunit composition of PNPase (21) . This work (1) pBR322; (2) pHE1; (3) pSC33; (4) pSC75; (5) pSC52; (6) pSC35; (7) pSC55; (8) pSC62; (9) pHEL. The positions of purified PNPase (molecular weight, 84,000), the ampicillin peptide of pBR322 (molecular weight, 31,000), and the kanamycin-resistant Tn5 peptide (molecular weight, 26,000) are indicated. The fusion polypeptides resulting from Tn5 insertion into the plasmid pnp gene are indicated by (-) . A small peptide of about 13,000 molecular weight encoded by the 4.8-kb HindIII-EcoRI fragment is also apparent.
supports the idea that the polymerization activity resides in one chain, as it is unlikely that another peptide subunit would be present in sufficient excess to complement the increase in production of large chains from the multicopy plasmid. The activity of PNPase has been shown to be somewhat insensitive to protease cleavage; activity can be detected in a progression of proteolyzed species from the intact subunit to one having a MW of 68,000. Further degradation results in loss of enzymatic activity (21) . This is consistent with the observation here that pSC33 produces a fusion peptide of molecular weight 70,000 and retains polymerization activity, whereas smaller polypeptide fragments are devoid of enzymatic activity.
The cloned DNA was obtained from a region of the E. coli chromosome where pnp mutations had been mapped, confirming that the structural gene for PNPase is indeed in this region of the DNA. Congruent with expectations from the transduction data obtained for the parent strain SC101, approximately 15 kb of DNA intervene between the TnS insert and the structural gene for PNPase. Therefore, a good possibility exists that the region cloned is intact. Restriction enzyme analysis of the intervening region on pS17 revealed multiple sites for EcoRI, HindIII, and BglII. It is not surprising that our attempts to clone the pnp gene from SC101 with these enzymes were not successful. From previous mapping data (1), this region may include the ftsH, argG, nusA, rpsO, and mtr genes as well as the pnp gene. The deletion in pS14 covers the DNA where one would expect to findftsH, argG, nusA, and perhaps rpsO. The latter codes for ribosomal protein S15 and maps within about 1.75 kb of pnp. In maxicell experiments, pHEl and its TnS derivatives all produced a small peptide of about 13,000 molecular weight on SDS gels, which was not produced by pBR322. The reported molecular weight of S15 is 12,500 to 13,000 (28) ; it is possible that this is the small peptide observed.
It is unlikely that rearrangement of the pnp gene itself occurred during cloning because the isolation of two independent clones, pS14 and pS17, both contain identical restriction maps in the region of the pnp gene. It is not clear why pS14 elevates PNPase activity more than pS17; this may reflect plasmid size and copy number or, alternately, the DNA which had undergone deletion in pS14 may somehow directly or indirectly control or interfere with the expression of pnp. Transcription of the pnp gene of the subclone pHEl is almost certainly initiated from its native control region rather than from a plasmid or fusion promoter, since the insertion of a Tn5 0.35 kb upstream from the translation start site (well within the cloned fragment) does not disrupt the activity of the gene.
